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Abstract 
 
Hot-stage microscopy (HSM) - a technique widely used in material sciences - coupled with commercial image analysis software 
is proposed as an alternative and simple approach for quantifying the foaming kinetics during the formation of metallic foams by 
the powder metallurgical (PM) method. The foaming process is performed inside the hot-stage microscope. The sample of small 
dimensions is continuously monitored by a TV camera and its shape is recorded on a videotape. The captured HSM images are 
analysed by image-analysis procedures to obtain the expansion curve of the sample from the variation of its projected area. Apart 
from the expansion curves, this technique also enables observing the thermal events occurring onto the external surface skin of 
the foams detecting coalescence events that could provoke structural imperfections.  
© 2014 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of Scientific Committee of North Carolina State University.  
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1. Introduction 
Several investigations on the evolution of metal foams prepared by the powder metallurgical method have been 
carried out using experimental apparatus that were specifically developed for this purpose. Some of them allow 
measuring the expansion curve in terms of the height variation as a function of temperature and time, such as 
mechanical and laser expandometers (Weigand and Banhart (1997), Duarte et al. (1999), Duarte and Banhart 
(2000)). In both apparatus, the foaming process takes place into a mould in which the volume expansion is measured 
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using a movable ceramic piston or a laser sensor. Measuring the evolution of bubbles inside a liquid metallic foam 
by these processes requires interrupting the foam formation at different foaming stages by cooling and analysing the 
cellular structure of the resulting solid foam by microscopy techniques (Duarte and Banhart (2000)). Some obvious 
disadvantages of these approaches are as follows: (i) the long time required for carrying out such investigation; (ii) 
the results suffer from a certain inaccuracy originating statistical variations between a single set of experimental 
conditions. 
Other equipment allow observing and recording the in-situ and real time evolution of bubbles inside liquid 
metallic foams while using a single sample (Stanzick et al. (2000), Stanzick et al. (2002), García-Moreno et al. 
(2003), Banhart et al. (2001), Banhart et al. (2001), García-Moreno et al. (2005)). Examples of these sophisticated 
methods are X-ray radioscopy and ultra small-angle neutron scattering. The first images were collected by X-ray 
synchrotron radioscopy using a specially developed furnace. These techniques in combinations with specific image 
anlaysis software - AXIM allow to quantify the projected area variation during the foaming process, or even the 
density distribution and the drainage and coalescence events inside the foam. The use of such techniques has enabled 
to control the metal foam formation and stabilisation and therefore, the producing of better foams. But these 
techniques are expensive and hardly accessible. The aim of this paper was to explore the HSM, coupled with an 
existing free image program ImageJ (Ferreira and Rasband (2012)), as an alternative in-situ technique to study and 
quantify the kinetics of the foaming process. This simple technique is widely used in material sciences for studying 
several phenomena such as melting, solidification and polymorphism through the visual characterization of thermal 
morphological changes of materials (e.g. shape, structure and colour) as a function of temperature and time. HSM is 
being implemented in the pharmaceutical, chemical, food, plastic and healthcare industries (Wiedemann and Felder-
Casagrande (1998), Vader Voort (1999)). 
 
2. Experimental 
Two different precursor materials of aluminium alloys were used to evaluate the ability of the proposed HSM 
technique for quantifying the foaming behaviour. The first type consisted of cylindrical tablets (Φ ~30 mm, h ~10 
mm) prepared by cold pressing (200 MPa, room temperature, 5 min) followed by hot pressing (200 MPa, 400ºC, 25 
mim). The second was an extruded rectangular bar 20 x 5 mm2 cross-section from cold isostatically pressed billets 
as described elsewhere (Baumgärtner et al. (2000), Duarte and Oliveira (2012)). Titanium hydride (0.5 wt.%) was 
used as blowing agent in both precursors.  Small samples (~3 mm width, ~2 mm height) were cut off from the 
precursors for the HSM tests. 
The foaming process was continuously monitored in-situ by using a laboratory hot stage microscopy set-up 
(Leitz, 2A-model) which consists of a microscope equipped with a furnace and a CCD camera. Sample of precursor 
was placed into the furnace and heated at 10 ºC min−1. The temperature was measured using a thermocouple on 
which the holder with the sample is placed. The microscope projects the image of the sample through a transparent 
quartz window and the images were taken by a recording device. A colour video CCD camera mounted on the 
microscope, with the help of external and/or back-lighting, enables visualizing the sample on a computer screen and 
recording images of the sample during its heating. The video data file is obtained after each foaming experiment. 
The video data obtained after each foaming test being analysed are imported into a computer and converted to 
2D-images using a commercial free studio program that allows defining the time-step between the captured images 
(e.g. 1 s). A quantitative analysis of the expansion behaviour of the samples was performed on the HSM images 
using commercial image analysis software (ImageJ). In the processing of 2D ImageJ images, the original images 
were processed in order to produce binary (black and white) images. This software measures the geometrical 
parameters (e.g. projected area) of the black “particles” in all binary images. This corresponds to the geometrical 
changes of the sample submitted at a given thermal cycle. The expansion is measured in terms of the variation of the 
HSM projected area of the sample. The projected area (A) of the foam at a given time normalized by that of the 
initial precursor (A0) is defined as area expansion which is plotted as a function of time. 
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3. Results and discussion 
The potentiality of the HSM technique coupled with commercial image analysis software to study and quantify 
the foaming kinetics of precursor materials, obtained by PM method, is illustrated through the results of two 
precursors having a distinct foaming behaviour. One of them has an unstable foaming behaviour of a pressed 
precursor in which its foam collapse is much visible, as illustrated in Fig. 1. Fig. 1a shows captured HSM 
representative images of the foaming behaviour of a single precursor heated at 10 ºC min−1, selected among the total 
of images captured at a rate of 1 image per second. Fig. 1b discloses the corresponding binary images obtained 
through the ImageJ software using the captured HSM images during a hot-stage foaming test. This figure represents 
the first step to determine the expansion curve in which the captured HSM images are converted to binary HSM 
images (Fig. 1a), as described above. Then, the precursor sample is treated as black particle (Fig. 1b) and a table is 
generated with the values of the projected area for each binary image within the ImageJ software defining the scale 
bar and the time step of capturing the images. The expansion curve (A/A0) is plotted as a function of the time as 
illustrated in Fig. 2. 
The HMS technique allows observing in-situ the two-dimensional changes in the geometric shape of the sample 
(e.g. projected area) during the foaming process (Fig. 1a).  The initial rectangular projected shape of the precursor is 
modified to a near-circular shape at the maximum value of the expansion. The HSM technique clearly identifies the 
foaming stages – nucleation, growth and collapse – that occur during the foaming process, like the others techniques 
(Duarte and Banhart (2000)). The main difference of this HSM technique comparatively to the others is the 
possibility to study and observe the thermal events occurring onto the external surface of these samples, such as 
detecting coalescence events that could provoke structural imperfections (Fig. 1a).  
 
 
Fig. 1: HSM images representative of the foaming behaviour of a precursor sample heated at 10ºC min-1 (a), and its imageJ sillhoutes (b). 
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Fig. 2: Expansion curve of a single pressed precursor sample heated at 10 ºC min−1 corresponding to the Fig. 1. 
 
 
Fig. 3: HSM images (a) representative of the foaming behaviour of an extruded precursor sample heated at 10ºC 
min−1 and its imageJ sillhoutes (b). 
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Fig. 4: Expansion curve of a single extruded precursor heated at 10ºC min−1 corresponding to the Fig. 3. 
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The appearance and disappearance of the gas bubbles and the formation and propagation of the cracks during the 
foaming process is visualised in this precursor. The film rupture of the lager-sized bubbles is spontaneous event in 
fraction of seconds with loosing of the gas to air causing higher foam decay after the maximum expansion is 
reached. We observed that the coalescence events occur in all the process, but have much more impact after the 
maximum expansion is reached (t > 66.3 min). The latter is agreed with a recent work published by Mygaton et al. 
(2012) using other experimental technique. This HSM could be used to study the external coalescence events giving 
a complementary results from the internal coalescence events observed through sophistical technique, as X-ray 
radiography (García-Moreno et al. (2005)). 
From these results, it is also evident that the HSM technique coupled with a ImageJ software could be used to 
determine the expansion curve of these materials describing its foaming behaviour. This curve is identical to the 
typical expansion curves obtained through other techniques, which is divided into four regions (Duarte and Banhart 
(2000)): (I) a small initial expansion for temperatures below the solidus temperature, followed by (II) a steep 
increase of expansion as a consequence of the decomposition of TiH2, the release of hydrogen gas and the 
concomitant softening of the alloy, (III) another rapid increase as temperature increases until a maximum expansion 
is reached (e.g. (A/A0)max = 2.09 in Fig. 2), and (IV) onset of foam collapse as the blowing agent is exhausted and no 
longer releases sufficient hydrogen to counterbalance losses. The expansion curve is a reflection of the HSM images 
captured during the foaming process. For example, the sharp fall of the expansion in region IV (Fig. 2) is due to the 
aggressive coalescence events observed in HSM images (Fig. 1b). This curve derived from HSM images enabled 
clearly detecting the transition between these different regions. To illustrate the sensibility of this HSM technique 
when studying the foaming kinetics, especially to quantify the expansion curve, another example is shown having a 
much more stable foaming behaviour to guarantee the producing of high quality foam parts. HSM images and its 
corresponding shilhoetes representative of its foaming behaviour, as well as the expansion curve are shown in Figs. 
3a, 3b and 4, respectively. 
The HSM results confirmed that this HSM technique can be used to compare the foaming behaviour of different 
precursors and even to infer their quality to produce high quality foam parts. For example, the extruded precursor is 
the only one capable to produce high quality foam parts (Fig. 3). In this case, there is no formation of the cracks and 
the collapse foam after reached the maximum expansion is slowly. This contrasts to the foaming behaviour of the 
pressed precursor characterising with the core fracture and delamination in the early foaming stages and the 
aggressive coalescence events (Fig. 1a) that leads a drop of the expansion values (Fig. 2). The latter is due to the 
problems associated to the pressing step that causes anisotropy in precursor (Duarte and Oliveira (2012)). 
2D quantitative analysis of foaming kinetics of a given precursor is important to manufacture foam parts through 
the PM method. Parameters like, the initial of foaming process, maximum expansion, and foaming time are easily 
measured from the expansion curves. For example, the foaming process starts after ~46 min and ~47 min, for the 
precursors corresponding to Fig. 2 and Fig. 4, respectively. The foaming times of these precursors are ~15 min and 
~10 min, respectively. Their maximum expansion values [(A/A0)max] are 2.09 mm and 2 mm, respectively. These are 
the main parameters to be taken into account in the manufacture of foam parts through PM method. With this 
results, the expansion factor is measured from the expansion curve (maximum expansion value), and it will possible 
to calculate the precursor amount needed to produce a given component of foam. Besides expansion curves, the 
HSM also enables visualizing thermal events occurring onto the external surface and detecting coalescence events 
that could provoke structural imperfections (e.g. cracks). This technique could help to improve the quality of the 
foam parts with the interruption of the foaming process avoiding the formation of the imperfections on the external 
skin that decreases the mechanical properties of these materials (Duarte and Oliveira (2012)). The samples are about 
400 times much smaller than those conventional techniques to study the foaming kinetics. The HSM technique also 
allows observing in situ and in real time the free expansion of the precursor, especially the thermal events occurring 
onto the sample’s surface during its foam growth. But, the bubble’s evolution inside the liquid metallic foam cannot 
be assessed by HSM, contrarily to radioscopy technique. This HSM should be viewed as complementary to the 
radioscopy techniques in the study of the metal foam formation, in particular the coalescence events on the sample 
surface. 
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4. Conclusions 
HSM technique could be a well-established technique within the aluminium foam development industry. It was 
found that the hot stage microscopy is an alternative suitable tool for visualizing the metal foam evolution and to 
obtain the expansion curves of precursor material. The ImageJ - software is able to quantitatively analyse the foam 
expansion measured by converting the HSM images into binary images after which the variation of the projected 
area during foaming were determined. The greatest advantages of HSM are the fact that it is a fairly easy technique 
to master and that data is obtained rapidly. Assessing the physics of metal foaming using modern hot-stage 
microscopy equipment that enables a wider range of heating and cooling rates is underway. Improvements in image 
capturing frequency and resolution, including more sophisticated software for image analysis with integrated 
kinetics and statistical calculations are the expected developments that will be reported in the future. 
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